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I. INTRODUCTON
1. Purpose and Scope of Research
The purpose of this investigation was to observe and to report the
corrosive effect of fresh, household sewage on copper tube used as soil
stacks for domestic plumbing. Conclusions have not been drawn concern-
ing the suitability of the material under conditions other than those used
in this test. In order to accelerate the corrosive effects, a municipal sewage
stronger than normal domestic sewage was used and was applied more
intensively than would normally be expected in a household. In view of
this "acceleration," it may be assumed that corrosive effects will be less
severe in household installations than were observed in this study. An
evaluation of the rate of corrosion of 14 specimens of copper tube was
made in four ways:
1. By visual observation of the condition of the tubes
2. By gravimetrically determining the loss of weight of the tubes
3. By determining the increase in the electrical resistance of the tubes
4. By visual observation and micrometric measurements of depth of
pitting and loss of wall thickness.
2. Sponsors
This investigation was undertaken by the Engineering Experiment
Station at the University of Illinois in cooperation with the Cooper &
Brass Research Association, 420 Lexington Ave., New York City. The
first installation (System A) was operated continuously from March 18,
1944, to May 1, 1946, without interruptions other than those necessary
to make routine observations. An evaluation of the results of that study
led to the testing of the System B installation and the continuation of the
study for five additional years. System B was operated from April 8, 1948,
through April 21, 1953.
3. General Procedure
In order to conduct the initial study, two 3-in. copper stacks, with
necessary auxiliary piping of other materials, were installed in the Sani-
tary Engineering Laboratory at the University of Illinois. Sewage was
taken from the Champaign city outfall sewer and was pumped contin-
uously through one stack and in 1/2 -hr. intermittent doses of approxi-
mately 41/2 gal each through the other stack. Each month, the flow of
sewage was interrupted for about two days while sections of tubes were
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removed from the system and the physical, gravimetric, and electrical
observations were made on them. The test pieces removed for observa-
tion in these tests were:
Location
Intermittent-Flow stack
Continuous-Flow Stack
Continuous-Flow Stack
Intermittent-Flow Stack
Description
Horizontal, straight tube
Horizontal, straight tube
Curved tube
Curved tube
The locations of the pieces with the corresponding numbers are shown
in Fig. 1. The test pieces were prepared for the monthly observations by
flushing the tubes with clear water and allowing them to dry. After the
System A installation had been operating for a year, the test pieces were
cleaned more thoroughly by pulling and pushing a stiff wire brush through
them in an attempt to remove scale and other protective coating and to
expose a fresh copper surface to the corrosive action of sewage. At the
end of the second year of operation, the test pieces were removed from
the system and the final observations on System A tubes were made. The
pieces were then cut apart to show the interior of the copper tubes. Photo-
graphs and physical observations of the interiors were made before and
after cleaning.
The results of the tests with the tubes in System A led to the testing
of a new installation referred to as System B. In this system three 3-in.
copper-tube stacks were installed. Sewage was pumped through one stack
continuously, and through a second stack intermittently. The third stack
was not installed until after the start of the third year of operation with
the System B installation. Sewage plus doses of a synthetic detergent and
lye were pumped continuously through
used in the System B tests were:
Tube No. Location
1 Intermittent-Flow Stack
2 Continuous-Flow Stack
3 Intermittent-Flow Stack
4 Continuous-Flow Stack
5 Intermittent-Flow Stack
6 Continuous-Flow Stack
7 Continuous-Flow Stack
8 Detergent Stack
9 Detergent Stack
10 Detergent Stack
The locations of these specimens with
this third stack. The test pieces
Description
Horizontal, straight tube
Horizontal, straight tube
Vertical, curved tube
Vertical, curved tube
Vertical, straight tube
Vertical, straight tube
Vertical, straight vent tube
Vertical, straight vent tube
Vertical, straight tube
Horizontal, straight tube
the corresponding numbers are
shown in Figs. 2 and 3. The test pieces were removed from the stacks
Tube No.
1
2
3
4
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monthly; they were each flushed with clear water and air dried. Physical,
gravimetric, and electrical observations were made on tubes 1 through 7.
Physical and gravimetric observations only were made on tubes 8, 9 and
10. At the end of five years of operation, the test pieces were removed and
the final observations made. The -test pieces were cut apart and photo-
graphs and physical observations of the interior of the tubes were made
before and after cleaning with a wire brush.
During the course of the System B tests, several miscellaneous obser-
vations were made to determine:
1. The copper content of the sludge or scum on the interior of the
pipes
2. The copper content of the sewage both before and after passing
through the stacks
3. An analysis of the gases found at various locations in the contin-
uous-flow and intermittent-flow stacks
4. An analysis of the local water supply, especially for carbon di-
oxide and carbonate balance.
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II. LABORATORY INSTALLATION AND OPERATING
PROCEDURES
5. General Description of Installations
A drawing of the System A installation is shown in Fig. 1. Sewage
was pumped from a suction pit in the laboratory into dosing tanks on
the third floor. The sewage flowed down the continuous-flow stack, shown
in Fig. 1, at a rate of approximately 8 gal per min. It was discharged
down the intermittent-flow stack from the water closet shown in Fig. 3.
The water closet was flushed automatically every 1 hr by means of the
electrical control. A dose of about 41/2 gal of sewage was discharged down
the stack at each flush of the water closet.
A drawing of the System B stacks is shown in Fig. 2. Fig. 3 shows
photographs of the installation taken at the conclusion of the tests in
April 1953. Sewage was pumped, as described previously, from a suction
pit into dosing tanks shown in Figs. 1, 2 and 3. The sewage flowed down
the continuous-flow stack at a rate of approximately 7.6 gal per min and
down the detergent stack at a rate of about 4.9 gal per min. The water
closet connected to the intermittent stack was flushed automatically
every 1/2 hr and discharged about 4%1/ gal of sewage at each flush into the
intermittent-flow stack. The flow rate of sewage was maintained through-
out the study with an accuracy of plus or minus 6 percent.
6. Materials Used
Almost all of the copper tube used in the System A test installation
was furnished by the Mueller Brass Co. of Port Huron, Michigan.
The tube is described in the Mueller Catalog "H" as "streamline copper
water tube, Type L, Hard Tubing" with a nominal diam of 3 in., an out-
side diam of 3.125 in., a wall thickness of 0.090 in., and a weight of 3.33 lb
per ft. Actual wall thicknesses were slightly greater than 0.090 in. Almost
all of the copper fittings used in the installation were furnished by the
Chase Brass & Copper Co., Waterbury, Connecticut. The four test pieces
were equipped at each end with 3-in. standard companion copper flanges
to simplify their installation and removal from the stacks. The original
weight of each test piece including the companion flanges were:
Tube No. Weight, lb
1 26.75
2 30.25
3 32.00
4 32.00
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Each test tube was provided with two electrical potential points about
3.5 ft apart for the purpose of measuring the electrical resistance. The
original System A installation was made by the Reliable Plumbing and
Heating Company of Champaign, Illinois.
The copper tube used in the System B installation was obtained from
the Chase Brass & Copper Co., whereas the companion flange fittings were
obtained from the Mueller Brass Co. Type L, copper water tube, was used
for all of the test pieces in the installation. The weights and lengths of
each of the test pieces were as follows:
Distance between
Original Length of Potential Points,
Tube No. Weight Tube, in. in.
1 29.38 36 29
2 36.13 597s 54 1/
3 45.88 96 1 3/ 1 (R = 50 3/) 87 %7
4 41.81 82 % (R 50 1/2 ) 73 3%
5 32.62 48 1,%6 34 1%•
6 32.69 48•e 411/4
7 36.00 583/16 46 %6
8 22.81 72 none
9 41.12 72 none
10 41.19 72 none
The installation of the System B tubes was made also by the Reliable
Plumbing and Heating Company of Champaign, Illinois.
7. Sewage Used
Throughout the seven years in which the two test installations were
in operation, the sewage used was taken from an outfall sewer of the
city of Champaign. A typical analysis of the sewage, made during this
period, is shown in Table 1. A typical analysis of the city water supply
during the same period is shown in Table 2. In general, the sewage was
pumped from the sewer continuously throughout the study and no attempt
was made to alter its characteristics except in the case of that delivered
to the detergent stack. In order to increase the concentration of detergents
in the sewage delivered to that stack, a liquid synthetic detergent, Swell,
was added to the sewage. Swell is a synthetic detergent manufactured by
Peck and Company of St. Louis, Missouri. It is an "alkanol-amine salt
of dobecyl benzine sulphonic acid compounded with complex phosphates."
In addition to the detergent, Lewis Lye (96 percent sodium hydroxide)
was added intermittently to the detergent stack.
Bul. 419. COPPER TUBE IN SOIL-STACK INSTALLATIONS
Table I
Typical Analysis of Champaign Sewage Taken from Outfall Sewer
COMPOSITE OF 24 SAMPLES, COLLECTED HOURLY JANUARY 8, 1950
Settleable Solids............... 4 ml/1
Suspended Solids ............. 182 ppm
Volatile Solids ............... 146 ppm
B. 0. D...................... 135 ppm
Free Ammonia ............... 23 ppm
MONTHLY AVERAGES
Settleable Volatile Suspended B. 0. D. pH Free
Solids Solids Solids ppm Amonia
ml/1 ppm ppm ppm
1949 1953 1949 1953 1949 1953 1949 1953 1949
January 3.6 3.1 146 156 188 187 161 220 7.6 18
February 2.5 3.9 128 161 163 202 163 258 7.6 16
March 6.5 2.3 157 112 204 185 244 197 7.7 22
April 2.5 2.5 151 110 191 151 229 159 7.5 19
May 4.3 3.0* 169 117* 229 138* 196 -* 7.4 18
June 4.9 3.2* 164 120* 238 149* 220 -* 7.5 19
July 3.7 3.5* 199 143* 252 199* 227 -* 7.3 18
August 3.8 3.8* 163 151* 215 183* 202 -* 7.3 18
September 4.5 4.0* 182 183* 236 229* 287 -* 7.3 22
October 5.5 4.7* 229 173* 281 208* 339 -* 7.4 23
November 3.2 4.6* 160 189* 197 240* 231 -* 7.6 24
December 2.6 3.5* 142 136* 195 168* 185 256* 7.5 19
*(May-December, 1952)
- (No determination)
Table 2
Typical Analysis of Urbana-Champaign Tap Water
Sample Taken Jan. 15, 1947, Tested Jan. 24, 1947
CHEMICAL ANALYSIS
ppm ppm
Turbidity (unfiltered) 20 Sodium Na 37.0
Color Trace Sulfate SOs 30.4
Odor 0 Nitrate NO1  0.9Iron (filtered) Fe 0.4 Nitrite NO 0.0002
(unfiltered) 1.1 Chloride Cl 2.0
Manganese Mn 0 Alkalinity (as CaCOa)
Fluoride F 0.3 Phenolphthalein 0
Silica SiO2 25.1 Methyl Orange 340.0
Calcium Ca 70.7 Total Hardness (as CaCOa) 290.0
Magnesium Mg 27.4 Residue 401.0
Ammonium NH 4  1.8 pH 7.3-7.6Carbon Dioxide CO2 20-25
HYPOTHETICAL COMBINATIONS
ppm grains/ga
Sodium Nitrate NaNOa 0.9 0.05
Sodium Chloride NaCl 3.5 0.20
Sodium Sulfate Na2SO4 44.7 2.61
Sodium Carbonate Na2COs 48.2 2.81
Ammonium Carbonate (NH)s2 COs 4.8 0.28
Magnesium Carbonate MgCO3 94.9 5.53
Calcium Carbonate CaCO3 177.1 10.32
Ferric Oxide FesOs 0.6 0.03
Silica SiOs 25.1 1.46
TOTAL 399.8 23.29
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8. Dosing Procedure
The rate of dosing sewage down the various stacks was maintained
constant throughout the tests as follows:
System A
Continuous-Flow Stack
Intermittent-Flow Stack
System B
Continuous-Flow Stack
Intermittent-Flow Stack
Continuous-Flow,
Detergent Stack
Rate of Sewage Flow
8.0 gal per min
4.5 gal every 30 min
7.6 gal per min
7.9 gal per min
4.9 gal per min
One and one-half qt of detergent were added to the detergent stack
each work day throughout the study. One pt was added to the stack at a
constant rate over a period of 21 hr, and 1 qt was added at a constant rate
over the remaining period of 3 hr. On Saturdays, Sundays, and holidays,
1 qt of detergent was added at a constant rate over a period of 24 hr. One
13-oz can of lye was mixed in 1 qt of water and added to the detergent
stack on each Monday and Thursday throughout the tests.
III. OBSERVATIONS
9. Physical and Gravimetric Observations
Approximately once each month throughout the study, the copper
tube specimens were removed from the test installation for observation.
The tubes were usually flushed with tap water and allowed to dry. Three
types of observations were made: visual, gravimetric, and electrical. The
electrical observations are described in detail in Section 10.
Normally, the condition of the interior of the tubes was observed im-
mediately before and after flushing with water. The appearance of the
interior and the exterior of the tubes was recorded whenever any unusual
change was noted. No attempt was made to measure the thickness of the
protective coating of slime or scale that formed until the end of the tests.
At that time the tubes were cut apart and cleaned for a final inspection
of their interior.
The fluctuations in the weights of all of the test specimens were re-
corded monthly. The fluctuations at the start of each series of observa-
tions possibly were due both to differences in the rate of buildup of the
interior coating and to errors in weighing. The scales used during the first
three months of observations with the System A tubes were reliable only
to the nearest 1/4 lb. The scales used thereafter in that series of observa-
tions could be relied upon within 0.1 lb. At the start of the System B tests,
a new scales was purchased exclusively for the gravimetric determina-
tions. The scales could be relied upon to within 0.03 or 0.04 lb (1/2 oz).
This represents a minimum accuracy in specimen weight of 1 part in 730
based on the original weight of 22.81 lb for Tube B in the detergent stack,
System B.
10. Electrical Observations and Procedure
Electrical resistances were measured with the Kelvin double bridge
setup shown in Fig. 4 and having the schematic circuit diagram given in
Fig. 5. The resistance of an electrical conductor at a given temperature is
directly proportional to the length of the conductor and inversely pro-
portional to the area. The length of each test portion of a specimen used
for the resistance measurements was less than its total length; only that
part of the length between potential terminals that had to be added was
included in the resistance measurements. With a fixed length, the resist-
ance of each specimen would vary inversely with the wall cross-sectional
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area, which in turn would be directly proportional to the wall thickness.
It should be pointed out that one or a few small localized areas of heavy
corrosion would have little effect on the resistance. If present in con-
siderable number, such localized areas of heavy corrosion would affect
the results in a way to indicate a greater than actual reduction in the
wall thickness outside the heavily corroded areas.
A X - VflKnown KesSFanrce
Ps = Variable Slandard Resistance
fy = esi$s/ance in Yoke Connecton
&A , sa, foa b = Bridge Rah~o fesistances
Fig. S. Circuit Diagram of Electrical Apparatus for Measuring Corrosion
Because the resistance of copper increases about 0.4 percent per deg
C increase in temperature, it was necessary to measure the temperature
of each specimen at the same time the resistance was measured in order
to correct each measured value of resistance to the same reference temper-
ature, which was taken as 20 deg C. The temperature measurements were
made with a copper vs. constantan thermocouple and laboratory-type
millivolt potentiometer with the thermocouple reference junction in an
ice bath. The temperature was measured at only one point on each speci-
men, and it was assumed that the temperature of the specimen was the
same throughout. To insure that this would be the case, the specimens
were kept in a closed room free from drafts, and away from radiators
and windows overnight just prior to making each set of measurements.
To minimize temperature gradients resulting from handling, the speci-
mens were handled with cloth pads and only at the ends outside the
potential terminals when they were being moved and connected in the
measuring circuit.
The arrangement know as a Kelvin double bridge is particularly well
adapted, when properly used, to making accurate measurements of low
values of resistance. Considerable care had to be used in making these
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measurements to attain the accuracy needed because of the extremely low
values of resistance involved, which initially ranged from about 19
millionths of an ohm for the shortest specimen to approximately 60
millionths of an ohm for the longest test specimen. To determine with
reasonable accuracy the increase in resistance as the difference between
two measured values of resistance of nearly the same magnitude required
that the measured values be highly accurate. The difference was desired
since it was a measure of the reduction in wall thickness.
The copper tubes that were the subject of this investigation had an
inside diam of 3 in. and an original wall thickness of 0.090 in. The re-
sistance was measured between potential terminals that varied from
about 24 in. apart on the shortest specimen to about 74 in. apart on the
longest specimen. Assuming that the products of corrosion were removed
or were relatively non-conducting and that the corrosion was uniform
over the pipe surface, a 1 percent increase in resistance would indicate
a reduction in metallic copper wall thickness of 0.99 percent.
One specimen which was not subject to corrosion was kept as a control.
A measurement was made on this specimen at the beginning and end of
each set of measurements on the test specimens as a check on the con-
sistency of the measurements. The use of this control specimen also made
it possible to detect any change in resistance resulting from the aging of
the copper or in the calibration of the Kelvin bridge, or a combination
of both, in order to eliminate the effect these changes would have on the
change in wall thickness calculated from the resistance measurements.
The measured resistance of a conducting path having a relatively large
area depends on the current distribution in the area of the path between
the measuring terminals. Unless the current distribution is uniform, the
measurement will be in error. To insure uniform current distribution be-
tween the measuring (potential) terminals, these terminals were set a
minimum of several inches inside the connecting flanges at the ends of
the specimens. These flanges were used as current or supply terminals
with specially constructed clamps that distributed the current over a con-
siderable area of the flange on diametrically opposite portions of the
flange. One of these current clamps is shown in Fig. 4, which also shows
the yoke connection between the specimen and standard resistor. The
potential terminals consisted of heavy copper bands about 1 in. wide
completely encircling the specimen and soldered to the specimen over
the entire length in contact with it; thus they also contributed to insuring
uniform current distribution throughout that portion of each specimen
involved in the measurements. These potential terminals are marked "r"
and "s" in the schematic circuit diagram of the bridge in Fig. 5 and the
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current terminals of the test specimens are marked "m" and "n." The
measurements were made with a current of 50 amp in the test specimen
and standard resistance portion of the Kelvin bridge. A current of this
value gave adequate sensitivity, yet did not heat the standard resistance
appreciably during the short interval necessary to get a reading. Initial
balance was obtained with a current of 5 to 10 amp; then the current was
increased to 50 amp and the final balance obtained as quickly as possible.
The current was reversed and the process repeated to detect and eliminate
the effects of thermal voltages by taking the average of the two measure-
ments thus obtained. A 6-volt automobile type storage battery supplied
the current, which was adjusted by a carbon-pile compression-type
rheostat to the desired value and was measured with a good quality
portable d-c ammeter.
11. Kelvin Bridge
The Kelvin double bridge circuit as shown in Fig. 5 is particularly
adapted to making measurements of low values of resistance because the
effects of contacts and connections on the measured results are minimized.
Using the symbols given in Fig. 5, the value of an unknown resistance
Rx measured with a Kelvin bridge is given by the complete equation:
RyRA  R b ( RA _RaRx. R Rý + (1)
RB Ry + Ra + Rb B Rb
RA and -R should be equal, but seldom are exactly, so if R, is appreci-
RB Rb
able with respect to Rs and Rx, the calculated value of Rx may be in error
by a significant amount if the second term on the right hand side of the
equation is omitted, as often is done. When this term is dropped, the
equation is reduced to:
R,
Rx= Rs (2)
which is the form ordinarily used for a Kelvin bridge.
As a test, RA and Ra were interchanged and RB and Rb also were inter-
changed after a measurement was made in the usual way, and the bridge
was rebalanced with the result that the balance point occurred for the
same value R. within 1 or 2 microhms in a minimum value of approxi-
mately 2,000 microhms. This indicated that the bridge ratios were alike
within 0.1 percent, which was well within the tolerance permitted with
the nominal accuracy of 0.05 percent for each ratio resistor. The value
of R, was checked for the condition for which it would be a maximum
and was found to be 0.0012 ohm. Substituting these and the values for
the other resistors appearing in the second term on the right-hand side
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of the complete bridge equation shown as Eq. 1 resulted in a value of
0.05 microhm for this term, which amounted to about 0.25 percent of Rx
for the smallest value of R. and correspondingly less for the larger values
of R.. As the sign of this term would tend to remain the same, neglecting
it would introduce an error in each measured value, but would affect the
change in resistance only by the amount the value of the term changed
from measurement to measurement; thus the use of the simplified bridge
equation given as Eq. 2 was considered to be justified.
A commercial Kelvin bridge was used. The project was started with
a bridge calibrated in International Ohms, which was used for the first
eight sets of readings. The ninth set of readings was taken with both this
bridge and one purchased for, but unobtainable for, the start of the proj-
ect. By comparing measurements made with the two bridges in this way,
any difference in their calibration would have been evident and was
found to be negligible. However, the new bridge was calibrated in
Absolute Ohms (the Absolute Electrical Units replaced the International
Units on January 1, 1948) instead of International Ohms, so all the
measurements made with it were multiplied by the constant 0.9995 to
express the results in terms of the International Ohm used as the unit
when the project was started.
To refer all the resistance values to a temperature of 20 deg C, an
equation was derived that permitted the correction to be made directly
from the thermocouple voltage in millivolts as measured by the potentio-
meter. This equation is:
RtR20 - (3)
1 + 0.0983 (mvt - 0.79)
in which Rt is the measured resistance at temperature t (temperature t
is not known except as it is determined by the millivolt reading), R 20 is
the resistance at 20 deg C, and mvt is the thermocouple millivolts. With
all the measurements expressed in terms of the same unit and referred to
the same temperature, it was possible to observe the change in resistance
resulting from the corrosion, within the limits of uncertainty that still
were present in the results obtained.
12. Accuracy of Electrical Measurements of Corrosion
Many inherent sources of error could not be eliminated, but the care
that was taken in making the measurements reduced them to a reasonable
minimum. It is probable that the principal sources of error were:
1. Deviation of ratio resistors from the nominal value
2. Inaccuracy of the standard resistor
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3. Personal or observational errors
4. Change in yoke resistance from measurement to measurement on
the same specimen and with different specimens because of dif-
ferent values of contact resistance and settings of the slidewire on
the standard resistor
5. Non-uniform temperature of specimens and bridge components
6. Variable heating effects resulting from different lengths of time
required to make measurements
7. Effects of cleansing specimens
8. Differences in contact resistances in ratio arm connections, par-
ticularly in 100-ohm arms
9. Location of connection on potential terminal because of voltage
drops across width of copper band making up potential terminal
10. Terminal and parasitic emf's.
Inaccuracy of the ratio and standard resistors will be discussed first.
The Kelvin bridge ratio resistors have a nominal accuracy of 0.05 percent,
making the ratio known to within 0.1 percent, except for the effects of
the lead and contact resistances. The same ratio of /oo was used for all
measurements and was obtained with 100-ohm and 10,000-ohm resistors.
As the same leads were always used in the same place in the circuit, the
effect of lead resistance would have been constant and might have changed
the ratio slightly. The accuracy of the standard resistor depended on the
value of the setting and ranged from a maximum of about 0.2 percent for
the lowest setting to perhaps 0.07 percent for the highest setting. The
combined effect of the ratio lead and standard resistance inaccuracy
would be to introduce a systematic error in each measurement that would
tend to disappear in taking differences so would have little effect on the
values of percentage increase in resistance of the test specimens. The
contact resistance in the ratio circuit, particularly in the 100-ohm arms,
would introduce a random error in the results; however, this error
would be small.
Personal and observational errors would ordinarily be small. Each
observer might bias his readings with a slight systematic error, but as a
number of observers were involved over the five-year duration of the
project, random errors would also be present. Mistakes of consequence
in individual readings or calculations could be detected easily because
the resulting value would deviate sufficiently from the others to clearly
indicate that something was wrong.
There might be two components to the error introduced by the yoke
resistance. As the yoke resistance would be different for each value of the
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standard slide wire resistance, a systematic error could be present in the
measurements on each specimen. This would affect individual measure-
ments, but not the differences between measured values. In addition, the
contact resistances in the yoke would cause-a small random error in each
of the measurements.
Non-uniform temperatures and variable heating effects would intro-
duce random errors in the results which might be appreciable in some of
the measurements. The care used would ordinarily keep them small
enough so as not to be of serious concern.
The cleansing of the specimens for each test would introduce unpre-
dictable effects and might possibly account for some of the results that
deviate by an unusual amount from the remainder.
Thermal and parasitic emf's would cause random errors in the meas-
urements. The practice of reversing the current in the bridge and averag-
ing the two measurements thus obtained should have reduced the error
from these sources to relatively small values. However, such errors can-
not ordinarily be eliminated completely and are usually present although
they may not be evident.
The location of the connection on the potential terminals of the
specimens was not always the same as clamp connectors were used. It
was finally observed that the location of the clamp relative to the width
of the potential terminal had a small effect on the measured value because
of the gradient across the potential terminal. This arrangement resulted
in a random error.
Because only one measurement on each specimen was taken as the
reference value, the negative equivalent of the error in this measurement
would be included in all the differences taken between the initial and
later values, so would tend to introduce a constant error in all the percent-
age values of the increase in resistance of a specimen. This could be the
most important and possibly the largest single error involved in these
measured electrical values.
The accuracy of the resistance measurements, with the exception of a
few which involved unusual combinations of errors of abnormal magni-
tude or possible mistakes in reading, probably was within about 0.25 per-
cent. This is indicated in Table 3, which shows that only 2 of the total of
26 measured values of the resistance of the control specimen deviate more
than 0.25 percent from the mean value of all of the readings. One of these
deviates 0.27 percent from the mean value and the other 0.30 percent.
Half of the readings are within 0.1 percent of the mean.
13. Miscellaneous Observations
During the course of the investigation, chemical observations, copper
analyses, gas analyses, and water analyses were made occasionally to
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provide a knowledge of conditions inside of the pipe. These observations
were used to determine (1) the concentration of the copper in the scum on
the inside of the tubes and in the sewage, and (2) the composition of the
gases inside the tubes during the operation of the stacks.
During the first year of operation with the System B stack, a layer
of slimy scum was observed to form on the inside of the stacks. In order
to determine, if possible, the amount of copper contained in the scum,
Table 3
Resistance Values of Control Specimen in International Microhms at 200 C,
and Percent Variation of Each from the Mean Value*
% Deviation
Date Resistance From Mean*
April 10, 1948 19.40 +0.20
May 12, 1948 19.39 +0.14
June 17, 1948 19.38 +0.09
July 27, 1948 19.36 -0.01
August 31, 1948 19.35 -0.06
November 9, 1948 19.37 +0.04
January 13, 1949:
Rubicon Bridge 19.33 -0.17
L & N Bridge 19.37 +0.04
February 16, 1949 19.36 -0.01
May 18, 1949 19.38 +0.09
August 26, 1949 19.34 -0.11
November 30, 1949 19.42 +0.30
January 5, 1950 19.35 -0.06
April 26, 1950 19.39 +0.14
July 6, 1950 19.36 -0.01
October 13, 1950 19.40 +0.20
January 18, 1951 19.32 -0.22
April 19, 1951 19.32 -0.22
July 19, 1951 19.35 -0.06
October 18, 1951 19.36 -0.01
January 4, 1952 19.37 +0.04
April 22, 1952 19.34 -0.11
July 15, 1952. 19.39 +0.14
October 21, 1952 19.31 -0.27
January 20, 1953 19.34 -0.11
April 21, 1953 19.37 +0.04
* Mean = 19.362
periodic samples of it were removed from the stacks and analyzed for
copper. The moisture content of the sample was first determined after
which the copper was extracted using concentrated nitric acid. The acid
was diluted to a standard volume and small portions of the sample were
analyzed quantitatively for the presence of copper. The copper dissolved
by the acid was used as a basis for the computation of the amount of
copper contained in the scum.
In making an analysis of the amount of copper in the sewage enter-
ing and leaving the continuous-flow stack, 250-ml samples were collected
every 1/2 hr for 2 days. The samples were composited and kept in a refrig-
erator. A 3000-ml aliquot portion of the final composited sample was
filtered through a cheesecloth pad to remove any flakes of copper from
the liquid. The filtrate was evaporated to dryness and ashed. The cheese-
cloth pad was also ashed. The copper in the filtrate ash and in the pad was
dissolved in nitric acid. The amount of copper in each sample was deter-
mined using colorimetric procedures.
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Gas samples were collected from the interior of the pipes in the con-
tinuous-flow and intermittent-flow stacks periodically during this study.
Samples were taken through 1/2 -in. holes drilled through the copper tubes
immediately above and below the test specimens. The sampling points
were referred to by the use of the number of the nearest test specimen
and a letter, either U or D, indicating that the sampling point was up-
stream or downstream, respectively, from the test specimen. Usually,
the sampling points were located within 4 to 6 in. of the end of the
specimen, but were never located in the specimens. The sampling holes
were normally covered with several layers of transparent adhesive tape
to prevent the flow of sewage or gas out of sampling holes when they were
not in use.
The gas samples were collected in gas-sample bottles by inserting
through the tape one end of the tube (normally sealed under vacuum) and
breaking off its sealed end. When this was done the gas entered the tube.
The tube was then removed and resealed with wax. The gas samples were
normally analyzed in the laboratory at the Mining Engineering Depart-
ment of the University for C0 2, 02, N 2, CH 4, CO, and H2S. Some samples
were analyzed in the Sanitary Engineering Laboratory for CO 2, 02, N2,
CH 4 , and CO. All of the gas samples were grab samples collected im-
mediately after or during the passage of sewage down the stack.
IV. TEST RESULTS
A. System A
14. Gravimetric Observations
The results of the periodic weighings of each specimen in the System
A installation are recorded in Fig. 6. The data are expressed in terms of
the percent loss in weight for each specimen as ordinates vs. the time
after the start of the operations in days as abscissas. In general, the rate
of loss of weight of the specimens decreased with time. The total loss
of weight of the specimens ranged between 1.4 and 3.1 percent indicating
that loss of copper occurred.
15. Electrical Observations
The results of the observations of the increase in resistance of the
specimens in the System A stacks are shown in Fig. 6. The data are ex-
pressed in terms of the percent of increase in resistance vs. the time after
the start of the dosing operations in days. The first test, which was used
as the base or 100 percent resistance value for each tube, was made about
112 days after the tubes had been started on their corrosion test. It would
be only reasonable to assume that some corrosion took place prior to this
test and, therefore, the curves may represent a somewhat smaller amount
of copper removal than actually took place. Assuming that as corrosion
takes place the copper is removed entirely or replaced by a relatively
non-conducting compound, each 1 percent increase in resistance repre-
sents a loss or conversion of about 0.033 lb of copper per ft length of tube.
The slight jog in the curves at the point of 361 days is due to a thorough
cleansing of the tubes at that time. The increase of electrical resistance,
which ranged between 3 and 4.5 percent, indicated also that corrosion
had occurred. The gravimetric and electrical tests are mutually cor-
roborative since the loss in weight of a test specimen is a combination of
loss of copper and gain in weight of coating, whereas the gain in electrical
resistance can be attributed almost entirely to loss of copper under the
presumption that the scale formed is non-conducting. If the scale formed
were electrically conductive, the loss of copper was greater than is in-
dicated in Fig. 6.
16. Physical Observations
During the early days of the investigation the weights of the speci-
mens were observed to fluctuate widely, in most cases tending to increase.
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Fig. 6. System A Observations
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Because of subsequent observations the increase in weight is now at-
tributed to a growing thickness of protective coating being laid down in-
side the tubes. Inspection of the interior of the specimen showed that
they were coated, sometimes to a thickness of as much as 0.03 in., with a
covering that chipped off in black, brittle pieces like thin tar paper. At its
maximum thickness the coating flaked off leaving bare copper exposed.
At the end of the 774-day period of testing the specimens were cut into
pieces and examined.
No marked difference was observed between the top and the bottom
of the tubes, or between the continuous-flow pipe and the intermittent
flow tubes. At the time of the observations the coating was not uniform
in thickness or appearance over the interior walls. This irregularity of
coating might have been due to the fact that patches of coating drop off
periodically, exposing fresh copper surfaces on which coating is again
built up. After the coating had been examined, it was scrubbed off with
steel wool, or chipped off with a sharp instrument in such a manner as to
avoid scratching of the copper underneath. The exposed copper surface
was uniformly rough but without noticeable or measurable pits.
B. System B
17. Gravimetric Observations
The results of the periodic weighings of each of the ten specimens in
the System B installation are recorded in Figs. 7, 8, and 9. The data are
expressed in terms of the percentage loss in weight versus the time of
operation in days. In general, the loss of weight fluctuated as it did in the
System A installation and eventually reached more uniform conditions.
The rate of loss of weight usually decreased with time. The results for
specimen 6 showed an increase in the rate of corrosion as evidenced both
by loss in weight and increase in electrical resistance during the last 300
days of the study. No explanation for this increase in rate of corrosion
was found, although the results in Fig. 7 indicate that the rate was again
decreasing at the end of the tests. The total loss of weight of the specimens
ranged between 0.24 and 3.6 percent.
The losses in weight from the continuous-flow stack and from the
detergent stack were greater than from the intermittent-flow stack. In
fact, the weight for the intermittent-flow specimens remained relatively
constant throughout the tests after initial losses during the first 2 yr of
operation. This would indicate that a more or less stable coating was
formed on the interior of the pipes. There was no significant difference
in the loss of weight between specimens in this stack.
In the continuous-flow stack, the largest loss of weight occurred with
the vertical specimen (3.64%), followed by the horizontal specimen
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(2.28%), curved specimen (1.48%), and the vent (0.33%). A similar
situation was observed in the results which were obtained with the speci-
mens in the detergent stack.
A comparison of the results for the vertical and horizontal specimens
in the continuous-flow and detergent stacks discloses the following results:
Percent Loss in Weight after 1000 Days
Detergent Stack Continuous-Flow Stack
Vertical tube 2.44 2.48
Horizontal tube 1.21 1.41
These results would indicate that the addition of synthetic detergents
and lye had no effects on the rate of loss of weight (corrosion) of the
copper tubes.
The loss-of-weight results shown in Figs. 7 and 8 indicate that the
conditions conducive to corrosion are much more severe in the continuous-
flow stack. This conclusion appears reasonable when it is considered that
the much larger flows in these stacks will result in more rapid erosion of
the protective scale. The continuous removal of the scale which is being
formed is undoubtedly the chief reason for the resulting increase in the
rate of corrosion.
1 8. Electrical Observations
The results of the periodic resistance measurements of the seven speci-
mens in the continuous-flow and detergent stacks in the System B instal-
lation are recorded in Figs. 7 and 8. The data are expressed in terms of the
percent increase in resistance versus the time of operation in days.
The data indicate results similar to those discussed in connection with
the gravimetric observations. They indicate definitely that the corrosion
is severest in the vertical tube and becomes less severe through the curved
to the horizontal tube. The weight of the curved tube decreased less than
the horizontal tube, however, because of the formation of a very thick
protective layer on the top, inside surface of the tube. The electrical
resistance measurements indicate that the curved tube is more severely
corroded than the horizontal tube.
In the "intermittent-flow system" the greatest corrosion is lound in
the horizontal pipe and the least in the vertical pipe. A possible explana-
tion for the difference between the "intermittent system" and the con-
tinuous-flow stack, may be: In the continuous-flow stack the continuous
flow of the sewage combines with the rapid velocity of fall and a possible
acid condition in the vertical stack to increase the rate of corrosion in the
vertical pipe. The horizontal pipe, experiencing a lower fluid veloc-
ity, and therefore less cavitation, would be expected to experience the
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least corrosion. The curved pipe experiences intermediate corrosion. In
the intermittent-flow stack, the flow is relatively low and intermittent.
Therefore, the fact that the vertical pipe would drain and dry faster than
the horizontal and curved pipe would reduce the rate of corrosion in the
System r
Symbol and Dscrl/o/on of Ini/7al / esistance, Initial Weiyh4
Number Specimens Internahrntl M•icrohms @20O°C Pounds
------ 2 Vertical, Straight Tube 41.94 36.13
---------------- 4 Vertical, Curved Tube 56.74 41.8/
6 Horizontal, Straight Tube 31.59 J32.69
7 Vertical Vent Tube 38.82 36.00
(+)
N.
N.
4:::
(+)
U 46U UV 6uu 6UU /1  1/1U /4uC1 IWbU /ou
Time after Start of Dosing, Days
Fig. 7. System B Observations (Continuous-Flow Stack)
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vertical pipe. The horizontal pipe would be wet longer and therefore
would be subject to greater corrosion. Here also, the curved pipe repre-
sents an intermediate situation.
The rate of corrosion in almost all specimens is greatest during the
first year and a half, and thereafter the rate of corrosion is much de-
creased. For example, consider the percentage increase in resistance for
the specimens at the end of 900 days and again at the end of the study
(1800 days). The last column in Table 4, which shows the ratio of the
increase in the second 900 days of the tests to the increase in resistance in
the first 900 days, indicates that during the second period the rate of
. System B
Symbol and Dlscriphon of Inihal Resis/ance Inihal Wei/gh/
Number Specimens /nlernahonal Microhms @ 201C Pounds
--- --- - / Horizontal, S/raight Tube 22.87 29.38
3 Ver/tcal, Curved Tube 59.89 45.88
.............. 5 Ver//cal, Straight Tube 26.57 32.62
rZ
r:;
Time after Start of Dostng, Days
Fig. 8. System B Observations (Intermittenf-Flow Stack)
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corrosion is between 22 percent (intermittent-flow stack) and 50 percent
(continuous-flow stack) of the rate of corrosion during the first period.
The rate of corrosion of the vent tube No. 7 was found to be nearly con-
stant throughout the test. The trends of the curves in Figs. 7 and 8 in-
dicate that a continued leveling off of the rate of corrosion might have
been expected in the future for all tubes except, possibly, the vent speci-
men No. 7. The resistance of specimen 6 showed an unexplained abrupt
departure from the normal trend approximately 300 days before the end
of the observations.
19. Physical Observations
At the conclusion of the gravimetrical and electrical tests with the
System B installation, the ten copper tube specimens were cut apart for
visual observation of the condition of the interior of the tubes. Each tube
was cut into 7 pieces and three of the pieces were cut lengthwise to ex-
pose the two halves of the tube. The wall thickness of each of the sections
System 6
Symbol and DiscripiHon of In/ial/ Weight,
Number Specimens Pounds
8 Vertical Veni Tube 22.8/
9 Verhcal Straight Tube 41.12
............ I0 Horiz., Strai'gh Tube 41.19
I
0 200 400 600 800 1000
Time after Start of Dosing, Oays
Fig. 9. System B Observations (Detergent-Flow Stack)
6ravimeltri Observations
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or pieces of copper tube before cleaning was measured with a micrometer.
An average of 81 wall-thickness determinations was made for each
specimen. The minimum, maximum, and average wall thicknesses for
each specimen are recorded in Table 5. The results indicate the following:
1. Specimen No. 6 shows the maximum loss in wall thickness of all
of the specimens. This maximum loss amounted to about 0.01 in.
2. In general, all of the continuous-flow stack specimens showed large
areas in which there was a loss in wall thickness. The section of
the tube in which the water flowed had the greatest loss and the
least loss was in the upper portion of the tube.
3. In the intermittent-flow stack, the average wall thickness of the
tubes at the end of the tests was larger than the original thickness,
although specimen 3 did show a loss of 0.006 in. in some spots.
4. The detergent-stack specimens showed an increase in the thickness
of the tube wall at the end of the tests.
In order to measure the actual thickness of copper minus the scale
in the tubes, the protective scale on the outside and the inside of the
three longitudinally split tubes was removed by use of a wire brush. In
removing the protective scale, the coating on the interior of the con-
tinuous-flow stack was removed readily with hand brushing. The scale
on the interior of the intermittent-flow and detergent-stack specimens,
however, could not be removed easily and a motor-driven wire brush had
to be employed. The protective coating was thicker and more strongly
attached to these tubes. Table 5 lists the minimum, maximum, and aver-
age thickness of each of the specimens after cleaning. The results indicate
that the continuous-flow specimens had a much thinner protective scale
than did the other specimens. This is indicated by the fact that the
Table 4
Evaluation of Rate of Increase of Resistance
Continuous-Flow and Intermittent-Flow Stack Specimens, System B
% Increase Ratio Increase,
% Increase % Increase in Resistance Second 900-day
Tube in Resistance in Resistance in Second Period to First
No. Description in 900 days in 1800 days 900-day Period 900-day Period
6 Vertical, Straight Tube,
Continuous-Flow Stack 6.68 10.00 3.32 0.497
4 Vertical, Curved Tube,
Continuous-Flow Stack 5.20 7.25 2.05 0.394
2 Horizontal, Straight Tube,
Continuous-Flow Stack 3.90 6.45 2.55 0.654
7 Vertical, Straight Vent Tube,
Continuous-Flow Stack 1.94 3.55 1.61 0.830
1 Horizontal, Straight Tube,
Intermittent-Flow Stack 4.78 5.94 1.16 0.243
3 Vertical, Curved Tube,
Intermittent-Flow Stack 3.72 4.50 0.78 0.210
5 Vertical, Straight Tube,
Intermittent-Flow Stack 2.65 2.72 0.07 0.025
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Table 5
Wall Thicknesses of System B Copper Tube Specimens Before and After Cleaning
Description
Vertical, Straight Tube, Intermittent-Flow Stack
1 Horizontal, Straight Tube, Intermittent-Flow Stack
3 Vertical, Curved Tube, Intermittent-Flow Stack
7 Vertical, Straight Vent Tube, Continuous-Flow Stack
6 Vertical, Straight Tube, Continuous-Flow Stack
2 Horizontal, Straight Tube, Continuous-Flow Stack
4 Vertical, Curved Tube, Continuous-Flow Stack
8 Vertical, Vent Tube, Detergent-Flow Stack
9 Vertical, Straight Tube, Detergent-Flow Stack
10 Horizontal, Straight Tube, Detergent-Flow Stack
Wall Thickness in Inches*
Before Cleaning After Cleaning
Min. 0.090 Min. 0.088
Max. 0.106 Max. 0.096
Ave. 0.096 Ave. 0.091
Min. 0.091 Min. 0.085
Max. 0.117 Max. 0.099
Ave. 0.102 Ave. 0.091
Min. 0.084 Mi.n 0.080
Max. 0.115 Max. 0.100
Ave. 0.099 Ave. 0.092
Min. 0.096 Min. 0.088
Max. 0.110 Max. 0.096
Ave. 0.103 Ave. 0.091
Min. 0.080 Min. 0.079
Max. 0.094 Max. 0.093
Ave. 0.086 Ave. 0.085
Min. 0.082 Min. 0.080
Max. 0.104 Max. 0.100
Ave. 0.092 Ave. 0.089
Min. 0.084 Min. 0.079
Max. 0.142 Max. 0.100
Ave. 0.100 Ave. 0.089
Min. 0.103 Min. 0.101
Max. 0.130 Max. 0.108
Ave. 0.112 Ave. 0.104
Min. 0.097 * Min. 0.093
Max. 0.108 Max. 0.107
Ave. 0.102 Ave. 0.099
Min. 0.103 Min. 0.098
Max. 0.118 Max. 0.108
Ave. 0.108 Ave. 0.103
*Maximum decrease in wall thickness for Specimen 6 was 0.010 in.; maximum average decrease in wall
thickness for Specimen 6 was 0.004 in.
average thickness of specimen 6, for example, decreased only 0.001 in.
in cleaning, whereas a similar tube in the intermittent-flow stack, speci-
men 5, decreased 0.005 in. in thickness in cleaning. The average thickness
of the tubes in the detergent and intermittent-flow stack after cleaning
was greater than the original thickness of the copper tube. This indicates
that all of the scale formed was not removed in cleaning.
The average loss in thickness in the specimen which showed the great-
est loss was 0.005 in. This occurred with specimen 6. That average loss
would represent a decrease in wall thickness of about 5.6 percent. The
maximum loss observed with this specimen after cleaning, 0.011 in., repre-
sents a decrease in wall thickness of 12.2 percent.
In order to make a metallographic examination of the copper tubing,
two typical specimens approximately 1/2 in. wide were cut from each of
the ten copper tubes. The inside surface of each specimen on a section
transverse to the axis of the tube was examined metallographically.
The corrosion of the copper surfaces appeared to be quite uniform
with only slight preference for attack at the grain boundaries. The depth
of localized pitting was measured microscopically as the depth of de-
pression below the adjacent surface level. No sharp pitting was observed
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in any specimen. The surface, instead, showed an undulating contour
with no deep localized attack. The maximum depths of pits found in the
various specimens were as follows:
Tube No. Maximum Depth of Pits, in.
0.0042
0.0034
0.0038
0.0028
0.0015
0.0038
0.0027
0.0027
0.0015
0.0030
The loss of copper was greatest and the surface was more uniformly cor-
roded in the specimens from the continuous-flow stack. There were more
and deeper pits in the specimens from the intermittent-flow stack, al-
though the total loss of copper was apparently less.
(a) Specimen from Tube 6
(b) Specimen from Tube 5 Showing Undulating Attack
(Only the upper face of the specimen shown in the photograph was exposed to corrosion. The
photographs show a portion of the thickness of the wall as viewed through a microscope.
Magnification-150X.)
Fig. 10. Photomicrographs of Metallurgical Specimens Showing Typical Surface Attack Only
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Figures 10 and 11 are photomicrographs of the specimens prepared
for metallographic examination. The copper in all cases showed a uni-
formly cold-worked structure, except in the case of Tube 8, which was
only lightly deformed. The mode of attack did not appear to be affected
by this different structure, although the depths of pits were less than the
average for the other tubes. A typical section of this structure is shown
in Fig. lib. Fig. lla shows the appearance of the severest localized attack
observed on any of the tubes examined.
20. Miscellaneous Observations
Results of determinations of the amount of copper contained in the
scum collected on the insides of the pipes at various times during the
study are shown in Table 6. As indicated in the previous section, the
bulkiest scum was found in the continuous-flow stack. The analyses in
Table 6 indicate that, in general, the percentage of copper in the scum
increased as the amount of scum decreased. The presence of the copper
in the scum in such relatively large amounts indicated that active cor-
rosion of the copper tube was occurring. At the end of the second year of
(a) Specimen from Tube 5 ,hownng beverest Fitting Uoservea,
Maximum Depth of Pit-0.0042 in.
(b) Specimen from Tube 8 Shounng Minor Intergranultar Attack
(Only the upper face of the specimen shown in the photograph was exposed to corrosion. The
photographs show only a portion of the thickness of the wall as viewed through a miscroscope.
Magnification-150X.)
Fig. 11. Photomicrographs of Meoallurgical Specimens Showing Pitting
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Table 6
Amount of Copper in Scum Inside Test Specimens, System B Installation
Description Percent of Copper in Scum, Dry Weight
(time after start of tests)
380 days 700 dayst 1000 days
1 Horizontal, Straight Tube,
Intermittent-Flow Stack 58.0 41.0 *
2 Horizontal, Straight Tube,
Continuous-Flow Stack 2.28 1.24 *
3 Vertical, Curved Tube,
Intermittent-Flow Stack 44.4 32.0 *
4 Vertical, Curved Tube,
Continuous-Flow Stack 5.2 4.00 *
5 Vertical, Straight Tube,
Intermittent-Flow Stack 25.2 17.10 *
6 Vertical, Straight Tube,
Continuous-Flow Stack 8.36 4.21 *
7 Vertical, Straight Vent Tube,
Continuous-Flow Stack * * *
* No scum present.
t The smaller percentages of copper were found to accompany the bulkier sludge in the continuous-
flow stacks.
operation, the formation of the scum inside the pipe had been reduced
considerably, and at the end of 1000 days of operation it was totally
absent. Instead, the inside of the pipes were covered by a black coating.
This coating was not removed for analysis during the tests.
The theoretical average increase in the copper content of the sewage
which had flowed through the stacks should have been about 0.05 ppm
and 0.25 ppm, respectively, based on the loss of copper from the con-
tinuous-flow and the intermittent-flow stacks and on the flow through
the pipes in the first 1041 days of operation. The copper in the sewage
should be greater than 0.05 ppm and 0.25 ppm, respectively, during the
Table 7
Determination of Copper in Sewage Before and After Passing Through the Tubes Tested
ppm of Copper in Sewage
(time after start of tests)
400 days 1150 days 1820 days
Raw Sewage
a. Copper in liquid 0.204 0.211 0.240
b. Copper in cheesecloth* 0.050 0.054 0.041
c. Total copper 0.254 0.265 0.281
Continuous-Flow Stack Effluent
a. Copper in liquid 0.212 0.221 0.244
b. Copper in cheesecloth 0.097 0.078 0.061
c. Total copper 0.309 0.299 0.305
Intermittent-Flow Stack Effluent
a. Copper in liquid 0.256 0.231 0.250
b. Copper in cheesecloth 0.450 0.170 0.050
c. Total copper 0.706 0.401 0.300
* The copper in the cheesecloth represents the copper which was present in the sewage in the form
of particles that would be removed when the sewage was filtered through the cheesecloth pad. It is assumed
to represent the amount of copper removed in the solids filtered out on the cheesecloth. The increase in
the copper content in the cheesecloth noted after the sewage had passed through the stacks is assumed to
represent the amount of copper removed due to the spalling of the protective coating.
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earlier period of the operation and should be less than these amounts
at the end of the period. In order to determine the concentration of cop-
per in the sewage before and after it had passed through the intermittent-
flow stack, sewage samples were collected and analyzed for copper as
described in Section 13. Samples were collected and analyzed in May
1949, June 1951, and in April, 1953.
These test results are recorded in Table 7. They indicate that:
1. Copper is being taken up by the sewage in its passage down the
stacks.
2. The greater amount of copper is being lost in the form of relatively
large chips or flakes of material.
3. The concentration of copper in the sewage from the intermittent-
flow stack is up to nine times more than in the continuous-flow
stack. The rate of flow in the continuous-flow stack is about forty-
five times more than through the intermittent-flow stack. There-
fore, the total loss of copper should be expected to be greater in the
continuous-flow stack.
4. The amount of copper in the sewage decreases as the time of opera-
tion increases. This indicates that the amount of copper lost from
the tubes is decreasing with time.
Samples of gas from the test stacks in the System B installation were
taken and analyzed on October 14, 1949, and on September 3, 1952. The
results of two of these tests are shown in Table 8. The tests do not appear
to indicate any unexpected conditions within the stack with the possible
exception of the relatively high concentration of hydrogen sulfide in the
upper part of the stack in the vent of the continuous-flow stack. The
presence of hydrogen sulfide in the vent with only a possible trace in the
vertical pipe immediately below it suggests the possible formation of a
mildly acid condition at this point in the stack. Specimen No. 6, at which
these conditions existed, experienced the most corrosion of all the tubes
as measured both by the loss in weight and by the increase in the elec-
trical resistance. Specimen No. 1, which experienced the most corrosion of
the tubes in the intermittent-flow stack, is also located at a point at which
a possible trace of hydrogen sulfide was found.
A sample of sewer gas was collected and analyzed from the vent pipe
of a single-family, one-story, prefabricated house provided with a 4-in.
cast iron stack. The gas sample was taken at a point 5 ft down into the
stack from the roof level. Table 8 indicates that the gas in this stack does
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not differ much from the composition of normal air. However, the amounts
of carbon dioxide, methane, and nitrogen in the cast-iron stack are in-
creased slightly and the total amount of oxygen present is decreased
slightly from that normally found in air.
A typical water analysis is shown in Table 2. The analysis indicates
that the water normally contains from 20-25 ppm of free carbon dioxide.
A carbonate balance on the water indicates that the water is normally
balanced, that is, it will neither pick up nor deposit a layer of calcium
carbonate in the water mains.
V. SUMMARY OF TEST RESULTS
A summary of amounts of corrosion of the copper tube specimens
based on all methods of observation is included in Table 9. The follow-
ing observations are based on the electrical observations:
1. The corrosion was greatest in the continuous-flow stack and
least in the intermittent-flow stack.
2. In the continuous-flow stack, the vertical tube was most severely
corroded, followed, in order, by the curved tube, the horizontal
tube, and the vent.
3. In the intermittent-flow stack, the horizontal tube was most
severely corroded, followed by the curved tube and the vertical
tube.
4. The rate of corrosion in the continuous-flow stack in the second
half of the study was approximately half the rate observed dur-
the first half of the study. In the case of the vent, the rate of cor-
rosion decreased only slightly during the study.
5. The rate of corrosion in the intermittent-flow stack in the second
half of the study was about one quarter the rate observed during
the first half of the study.
6. The maximum loss of wall thickness based on the electrical meas-
urements was 9.9 percent.
7. The rate of loss of wall thickness in the continuous-flow stack, as
shown in Fig. 7, was between 1.0 and 4.2 percent in the first year;
an additional 0.4 to 1.5 percent the second year; an additional
0.6 to 1.2 percent the third year; and thereafter at a slowly de-
celerating rate except for the vertical straight tube in which there
was an acceleration in the rate of loss of weight during the last
260 days. The indications are that a protective film is progres-
sively formed on the metallic surface which protects against cor-
rosion, and it is possible for this film to be eroded under high
velocity of flow to impair its protective features.
8. The rate of loss of wall thickness in the intermittent-flow stack,
as shown in Fig. 8, was between 2 and 3 percent for the first year;
an additional 0.5 percent to 1.5 percent for the second year; an
additional 0.2 percent to 0.6 percent for the third year; and there-
after the rate of loss of wall thickness remained less than 0.5
percent annually. The indications are that the coating formed on
the surface of the copper was retarding corrosion.
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Table 9
Amount of Corrosion of Specimens Based on All Methods of Observation, System B Stacks
Electrical Observations Gravimetric Physical Metallograpl
Tube No.
Intermittent-Flow Stack
5-Vertical Piece
1-Horizontal Piece
3-Curved Piece
Continuous-Flow Stack
7-Vertical Vent
8-Vertical Piece
2-Horizontal Piece
4--Curved Piece
Detergent-Flow Stack
8-Vertical Vent
9-Vertical Piece
10-Horizontal Piece
% Increase Average %
in Resistance Loss in Wall
Thickness
2.72
5.94
4.50
3.55
10.00
6.45
7.25
The following observations are based on the gravimetric observations:
9. Losses in weight closely correlated increases in electrical resist-
ances, thus corroborating the preceding observations.
10. The addition of synthetic detergent and lye had no significant
effect on the rate of corrosion of the copper tubes in the detergent
stack.
11. The very slight loss of weight of the intermittent-flow specimens
indicates that the products of corrosion are not removed as read-
ily from the intermittent-flow stack as from the continuous-flow
stack, even though the apparent loss in wall thickness approxi-
mated 5 percent.
12. The slight loss of weight of the vent specimen 7 indicates that the
products of corrosion which are not removed serve to protect the
copper from the corrosive effects of the sewage.
The following observations are based on the visual and metallographic
observations:
13. The physical measurement of the loss in wall thickness of the
specimens from the intermittent-flow stack indicates that the cor-
rosion is not uniform over the entire wall of the tube. The actual
maxium loss at the end of the test was 11.11 percent whereas the
electrical observations indicated a loss of only 4.45 percent. In
this specimen the section in which the sewage flowed was thin-
nest at the end of the test and had the smallest layer of protective
coating.
14. The physical measurement of the maximum loss in wall thickness
of the specimens from the continuous-flow stack indicates that the
corrosion is not uniform around the entire inside of the tube. Uni-
form loss in wall thickness conditions are reached most nearly in
vertical specimen 6 in which the falling sewage contacted the en-
tire interior wall of the pipe.
lic
Measurement
Maximum %
Loss in Wall
Thickness
After Cleaning
2.22
5.55
11.11
2.22
12.22
11.11
12.22
Observations
% Loss
in Weight
0.37
0.44
0.41
0.33
3.73
2.35
1.63
0.00
2.50
1.21
Observations
Maximum
Depth of Pits,
% of Wall
Thickness
4.67
3.78
4.22
3.11
1.67
3.00
3.00
no loss 3.00
no loss 1.67
no loss 3.33
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15. The wall-thickness observations indicate that the critical corro-
sion in all tubes results in the section in which flow is occurring.
In these sections the reduction in wall thickness after 5 yr of
operation ranged between 11 and 12 percent.
16. The metallographic observations indicated that the copper tubes
were not subject to serious pitting, the maximum depth of pit
being 4.67 percent of the original wall thickness. On the contrary,
the corrosive attack was rather uniform in all specimens observed.
In general, it may be said that:
1. Copper is being taken up by the sewage in its passage down the
stacks.
2. The greater amount of copper is being lost in the form of relatively
large chips or flakes of material.
3. The concentration of copper in the sewage from the intermittent-
flow stack is up to nine times more than in the continuous-flow
stack. The rate of flow in the continuous-flow stack is about forty-
five times more than through the intermittent-flow stack. There-
fore, the total loss of copper should be expected to be greater in
the continuous-flow stack.
4. The amount of copper in the sewage decreases as the time of opera-
tion increases. This indicates that the amount of copper lost from
the tubes is decreasing with time.
5. The rate of loss of thickness or weight during the last year, for 3
specimens in the intermittent-flow stack and for 2 specimens in the
continuous-flow stack was from about 0 to 1.6 percent, and in 1
specimen in the continuous-flow stack was 21/2 percent. These re-
sults indicate that where the protective scale is not broken the rate
of corrosion is progressively less with time, but under a high, ero-
sive velocity the protective film is less effective.




